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Supplementary Materials
Section S1. Details of simulation methods, models, and data analysis Simulation models. Computer simulations use the dissipative particle dynamics (DPD) technique which extends the simulation scales of time and space to be appropriate to the study of nanoparticle−membrane systems with explicit water (29, 34, 48) . The models of lipid, membrane, and graphene are displayed in fig. S6 . Each amphiphilic lipid consists of a head group and two tails (29, 36) . The head group is constructed by three connected hydrophilic beads and each tail includes three connected hydrophobic beads. 625 lipids selfassemble into a tensionless lipid bilayer membrane spanning the simulation box. Each GO is modeled by arranging the hydrophobic beads on a single layer of fcc (face-centered cubic) lattice into a desired geometrical shape and area. Solvent particles are represented by a single bead.
In the present work, the interaction parameter between GO and lipid tail GT  is varied to reproduce different oxidization degrees or chemical modifications of the GO. For example, increasing GT  indicates a higher oxidization degree of the GO due to the reduced attraction between GO and lipid tails. Indeed, upon interacting with the lipid bilayer membrane, the GO model leads to the structures and dynamic behaviors similar with that constructed based on the typical structure model representing outcomes from standard oxidization processes (29, 51, 52) (see figs. S7, S8, S14, S15, and S19, and Movies S1 and S2). Furthermore, the results based on such a model are readily generalized to other 2D nanomaterials.
The Young's modulus of the GO model has been calibrated according to the experimentally found elasticity of graphene (27, 49, 50 Details of DPD simulations. In a DPD system, a set of interacting beads is considered, whose time evolution is governed by the following Newton's motion equations (48) ,
Furthermore the total force i f acting on every bead can be expressed by (50) ()
where , , , ,
F F F F F are the conservative force, the dissipative force, the random force, the spring force and the angle force respectively. Here ,
SA ii
FF are additional forces, which are introduced to represent the interactions between bonded beads. The conservative force C ij F , which is derived from a soft interaction potential within the certain cutoff radius r c , can be given by the following equation 
This particular thermostat is special in that is conserved angular momentum, which leads to a correct description of hydrodynamics.
A modified velocity-Verlet algorithm due to Groot and Warren is used to solve the motion equation (48). In details, we take the bead mass, the cutoff radius and the temperature as Double-Membrane System. To mimic the diffusion of drug beads within a cell, a double bilayer system is built, which divides the system into two regions: an "extracellular" region without drug bead and an "intracellular" region where the drug beads can be added into it (58). The model of double bilayer system is displayed in fig. S6 . Each receptor, which will be targeted by the drug beads, is modeled as a cluster of frozen DPD beads grouped into a rigid body with fcc-arranged beads (53). The diameter of cylindrical receptor is set as R = 2 r c , and the height is set as h=2h 1 +h 2 =2*3+4=10 r c , where h 1 and h 2 represent the height of Trajectory analysis. The trajectories of persistent segments and jiggling periods are identified using the wavelet analysis method described elsewhere (38). Briefly, the wavelet analysis method comprises following three steps:
Firstly, choose an appropriate wavelet. The wavelet is a weighting function which is used in calculating the local integral values of time series over different scales. Wavelets can take different forms and thereby can acquire different integral values. Typically, "Haar wavelet"
is commonly used in the wavelet analysis.
Secondly, perform the wavelet transform. The wavelet transform is mathematically defined as a local integral. During the wavelet transform, the time-dependent data can be transformed into a time-and scale-dependent representation of the original data. In practice, the transformation is easy to conduct using an easily accessible toolbox MATLAB.
Finally, determine the scale and threshold. We must set a scale on which a threshold is used to decide what differences are large enough to matter. This threshold serves as the decision criterion for classifying the type of dynamics and identifying dynamical heterogeneity.
In our simulations, we computed the Haar wavelet coefficients at a scale of 500 frames for all trajectories. At this scale, the wavelet transform coefficients can be clearly distinguished.
The threshold was set according to the "universal thresholding" 19 . Combining results both on x and y, the separation is overlaid on the original trajectory in the inset of Fig. 2B , with persistent segments highlighted in red. Fig. 2D shows that the assigned persistent segments are super-diffusive while jiggling segments exhibit Fickian, which is reasonable physically.
Statistical analysis.
After identifying the persistent segments and jiggling periods from the origin trajectory, the angles between the neighboring persistent segments are defined as turning angle (fig. S10), which is statistically uncorrelated and distributed isotropically ( Fig.   2F ). To calculate the length distribution of persistent segments, we use an equal number of data points per bin (39).
To distinguish the exponential and power-law distributions, we use the following method of model selection to provide more evidence 24 . In this method, for a given data set 1 2 3
, , , , {} n x x x x  x and considering the tail to start at a, the power-law tail has probability density function of
The exponential tail has probability density function of In our simulations, with the data sets containing at least 2000 persistent segments for each GT  , using Akaike weights can identify the more likely model for the tails, which can eliminate the bias of model selection.
Section S2. Details of analytical models
Detailed deduction of the analytical model of sandwiched-GO-induced pore. We develop an analytical model to understand the simulation results and rationalize the four regimes of the membrane-pore states observed in simulations. Our model is based on the idea of pore formation induced by the repulsive interaction between GO and lipid tails. In the presence of the interaction, the membrane is no longer tensionless. Instead, the sandwiched GO causes an internal membrane tension, which leads to the pore formation.
The energy cost of pore formation in the cell membrane is given by (59)
where R is the radius of the circular pore;  and  are the membrane tension and the line tension, respectively. In general, is a constant for a pure lipid bilayer.
A schematic illustration regarding the GO-induced pore in the membrane is presented in Fig. 4a . Due to the symmetry between the inner and outer leaflets of the cell membrane, we only calculate one single leaflet of the membrane for simplicity. In this system, the interaction energy between GO and lipid tails is
the area density of interaction energy between GO and lipid tails. With a circular pore of radius R emerging on the GO of side length a,
stands for the contacting area of GO with lipid tails.
Therefore, GO-induced internal membrane tension is calculated as
where A m denotes the membrane area.
After substituting Eq. (13) 
The equilibrium radius of pore R 0 is determined by minimization of the pore energy E R with Therefore, we obtain the relationship between the ratio of the pore area with the GO area and K a (red curve in Fig. 4D ), which fits the simulation results quantitatively. Rationalizing the four regimes of membrane-pore states. Now, we rationalize the four regimes illustrated in Fig. 5A based on the analytical model.
Firstly, the boundary between state I (without pore) and state II (unstable state) is acquired by the simulation results (Fig. 3F) . Fig. 5B shows the plot of E versus K a . It is found that E is a monotonic increasing function. Namely we can find an intersection point at
Here, K a1 is the boundary to divide state III and state IV.
In conclusion, we give the rational boundaries between the four regimes. For the boundary between state I and state II, it is determined by the simulation results, whereas we can prove that the pore is easier to be formed at larger values of K a according to the analytical model. carbon nanotube (CNT), 2D graphene analogue (Xgene), and 3D carbon spheres (CSs). The Xgene is observed to be hosted inside the cell membrane, similar with that for GO. While the CNT and CSs are found to intimately contact with the cell membrane, no sandwiched superstructure is found for these two materials. Scale bar, 100 nm. of the slices are: a1, 0τ; a2, 624τ; a3, 640τ; a4, 656τ; a5, 688τ; and a6, 720τ; b1, 0τ; b2, 620τ; b3, 640τ; b4, 664τ; b5, 800τ; and b6, 880τ. Only the x-z cross section view of the lipid membrane around the GO is shown in each snapshot for clarity. 
x (nm) The color scheme of beads is the same as that of Fig. 6D , except that the representative drug bead, which will be captured by the transmembrane receptor, is marked in green and denoted by the green arrow. All the lipid beads are half-transparent for clarity. 
